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Chapter 1 Introduction 
1.1 Introduction 
雑誌に投稿する予定のため第 1章の 1.1節と 1.２節は公表できません。 
The purpose and background of present research are described. 
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1.3 Previous research 
1.3.1 Reaction between solid CaO and liquid slag 
Suito et al.[11] confirmed the existence of 2CaO·SiO2-3CaO·P2O5 solid solution as shown in 
Figure 1.7. The similar phenomenon was observed by Kami et al.[15] and Hamano et al.[16] as 
shown in Figures 1.11 and 1.12. 
 
Fig. 1.11 SEM images of the interface between solid CaO and the CaO-SiO2-FeO-P2O5 
slag.[15] 
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Fig. 1.12 SEM images of the interface between solid CaO and the FeOx-CaO-SiO2-P2O5 
slag.[16] 
 
The relationship between the thickness of CaO-FeO layer and the reaction time has been 
studied by Kami et al. and Hamano et al., respectively. The thickness of CaO-FeO layer 
increased with the squire root of reaction time with an approximate liner relationship reported 
by Kami et al. as shown in Figure 1.13. Similarly, Hamano et al. reported that the thickness of 
CaO-FeO layer increased with the squire root of reaction time at 1573 K as shown in Figure 
1.14. 
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Fig. 1.13 Relationship between the thickness of CaO-FeO layer and the reaction time at 1673 
K reported by Kami et al.[15] 
 
Fig. 1.14 Relationship between the thickness of CaO-FeO layer and the reaction time at 1573 
K reported by Hamano et al.[16] 
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In addition, Hamano et al. summarized the reaction mechanism between solid CaO and the 
FeOx-CaO-SiO2-P2O5 slag at 1573 K as shown in Figure 1.15. As the solid CaO contacted with 
the FeOx-CaO-SiO2-P2O5 slag, the CaO dissolved into slag because the initial composition of 
slag was unsaturated with CaO. With the dissolution of CaO, at the interface between CaO and 
slag the concentration of CaO increased which caused the increase of the CaO activity. Due to 
the increase of CaO activity, the 2CaO∙SiO2 formed and the concentration of FeO increased. 
Then the Fe2+ began to diffuse to both sides. The CaO-FeO layer formed at the CaO boundary. 
With reaction, the CaO continuously diffused into slag through the CaO-FeO layer, and 
meanwhile the thickness of CaO-FeO layer increased. 
 
 
Fig. 1.15 Schematic of reaction mechanism between solid CaO and the FeOx-CaO-SiO2-P2O5 
slag.[16] 
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1.3.2 Reaction between solid 2CaO·SiO2 and liquid slag 
Yang et al.[17-20] studied the reaction mechanism between solid 2CaO·SiO2 and the 
homogeneous CaO-SiO2-FeOx-P2O5 slag or the heterogeneous CaO-SiO2-FeOx-P2O5 slag. 
After dipping the 2CaO·SiO2 tablet into the CaO-SiO2-FeOx-P2O5 slag, the multi-phase area 
was found between solid 2CaO·SiO2 and CaO-SiO2-FeOx-P2O5 slag as shown in Figure 1.16. 
 
Fig. 1.16 Partition of the area near the interface between solid 2CaO·SiO2 and the CaO-SiO2-
FeOx-P2O5 slag.
[17] 
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Fig. 1.17 Phosphorous behavior at interface between 2CaO·SiO2 and the CaO-SiO2-FeOx-
P2O5 slag. “C2S” is short for 2CaO·SiO2.[17] 
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Yang et al. summarized the reaction mechanism between solid 2CaO·SiO2 and the 
homogeneous CaO-SiO2-FeOx-P2O5 slag as shown in Figure 1.17. At first the solid 2CaO·SiO2 
dissolved into slag and at the same time the slag penetrated into solid 2CaO·SiO2. Then at the 
interface between solid 2CaO·SiO2 and the homogeneous CaO-SiO2-FeOx-P2O5 slag, the multi-
phase area of the solid 2CaO·SiO2 in liquid slag formed. And the concentration gradient of solid 
2CaO·SiO2 near the interface formed. In the multi-phase area the CaO and P2O5 reacted with 
2CaO·SiO2 to form P2O5 condensed phase. At this time, the multi-phase area was the mixture 
of P2O5 condensed phase and liquid slag phase. With proceeding the reaction, the solid 
2CaO·SiO2 continuously dissolved into slag and the multi-phase area shifted to the side of solid 
2CaO·SiO2 to form the new P2O5 condensed phase. 
 
 
 
Fig. 1.18 Reaction behavior of phosphorus at the interface between 2CaO·SiO2 and the 
heterogeneous CaO-SiO2-FeOx-P2O5 slag. “C2S” and “5CSP” are short for 2CaO·SiO2 and 
5CaO·SiO2·P2O5, respectively.
[18] 
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Figure 1.18 shows the reaction mechanism between solid 2CaO·SiO2 and the heterogeneous 
CaO-SiO2-FeOx-P2O5 slag which was initially saturated with 5CaO·SiO2·P2O5. At the 
beginning the solid 2CaO·SiO2 dissolved into slag and the slag penetrated into solid 
2CaO·SiO2. Then the multi-phase area formed and the P2O5 condensed phase formed in the 
multi-phase area. As the initial slag was saturated with 5CaO·SiO2·P2O5, the previously formed 
P2O5 condensed phase was remained and the multi-phase area shifted to the side of solid 
2CaO·SiO2 to form the new P2O5 condensed phase. 
  Kitamura et al.[21] studied the mass transfer of P2O5 between liquid slag and 2CaO·SiO2-
3CaO·P2O5 solid solution. The preheated 2CaO·SiO2 rod was immersed into different 
compositions of slags with different reaction periods. Then the rod was quenched and the 
interface between the rod and slag was observed by electron probe micro-analyzer (EPMA). 
In the first case, when P2O5 was transferred from slag to 2CaO∙SiO2-3CaO∙P2O5 solid 
solution, a certain amount of CaO was consumed to form 2CaO∙SiO2-3CaO∙P2O5 solid solution. 
The content of CaO in slag decreased and the content of SiO2 increased then the liquidus 
composition changed to a larger CaO/SiO2 ratio according to Shimauchi et al.’s research[22] as 
shown in Figure 1.19 A. In this case, the 2CaO∙SiO2-3CaO∙P2O5 solid solution dissolved in 
slag near the interface and the reaction layer formed between 2CaO∙SiO2-3CaO∙P2O5 solid 
solution and slag as shown in Figure 1.20 A. On the contrary, when P2O5 is transferred from 
2CaO∙SiO2-3CaO∙P2O5 solid solution to slag, the activity of P2O5 in the solid solution was 
larger than that in slag. The content of CaO in slag increased and the content of SiO2 decreased 
then the liquidus composition changed to a smaller CaO/SiO2 ratio as shown in Figure 1.19 B. 
In this case, no dissolved part was observed at the side of 2CaO∙SiO2-3CaO∙P2O5 solid solution 
as shown in Figure 1.20 B. 
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Fig. 1.19 Schematic change in liquid composition and liquidus line position after transfer of 
P2O5 between 2CaO∙SiO2-3CaO∙P2O5 solid solution and slag.[21] 
 
 
Fig. 1.20 Schematic of the phenomena at the interface between 2CaO∙SiO2-3CaO∙P2O5 solid 
solution and slag.[21] 
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1.3.3 Phosphorus distribution ratio between liquid slag and metal and P2O5 distribution 
ratio between solid solution and liquid slag 
Not only the phosphorus distribution ratio between the homogeneous slag and molten iron 
but also the phosphorus distribution ratio between the heterogeneous slag and molten iron has 
been studied by Suito et al.[11] About 20 g of Fe-0.5mass%P alloy was dephosphorized at 1833 
K for 30 minutes in an MgO crucible by the heterogeneous slag. The compositions were 
projected on the CaO-SiO2-FetO system as shown in Figure 1.21 with the values of phosphorus 
distribution ratio. 
 
Fig. 1.21 Phosphorus distribution ratio between various heterogeneous slag and molten 
iron.[11] 
 
Inoue et al.[23] measured the phosphorous distribution ratio between 2CaO·SiO2-3CaO·P2O5 
solid solution and slag. The phosphorous distribution ratio between 2CaO·SiO2-3CaO·P2O5 
solid solution and slag was shown in Figure 1.22 with the phosphorous distribution ratio 
between the slag and molten iron expressed by Eq. (1.5). 
log𝐿P
′ = 0.072{(mass%CaO) + 0.3(mass%MgO)} + 2.5 log(mass%T. Fe) + 11570 𝑇⁄
− 10.52…… (1.5)[24] 
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Fig 1.22 Phosphorous distribution ratio between 2CaO·SiO2-3CaO·P2O5 solid solution and 
slag.[23] 
 
Shimauchi et al.[22] applied the chemical equilibration method to study the P2O5 distribution 
ratio between solid solution and liquid slag. The slag was melted at 1873 K completely, then 
cooling down slowly to 1673 K to achieve the equilibrium between solid solution and liquid 
slag. Figure 1.23 A shows the observed slag compositions in the CaO-SiO2-Fe2O3 system. 
Figure 1.23 B shows the observed compositions of 2CaO·SiO2-3CaO·P2O5 solid solution. 
Figure 1.23 C shows the relationship between the P2O5 distribution ratio between 2CaO·SiO2-
3CaO·P2O5 solid solution and slag and the T.Fe content. The linear relationship was observed 
and it was independent of the lime/silica ratio and P2O5 content. Figure 1.23 D indicated no 
clear influence of the 10mass% MgO or MnO addition on the P2O5 distribution ratio between 
2CaO·SiO2-3CaO·P2O5 solid solution and slag. 
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Fig. 1.23 A: Observed slag compositions in the CaO-SiO2-Fe2O3 system. B: Composition of 
solid solution for each slag with various P2O5 contents in CaO-SiO2-P2O5 system. 
C: Relationship of P2O5 distribution ratio between solid solution and liquid slag with the T.Fe 
content. D: Influence of MgO and MnO addition on the P2O5 distribution ratio between solid 
solution and liquid slag. In C and D the solid line was reported by Ito et. al.[25] 
 
Pahlevani et al.[26] investigated the P2O5 distribution ratio between solid solution and liquid 
slag as shown in Figure 1.24. Figure 1.24 A shows the relationship between the P2O5 
distribution ratio between solid solution and the CaO-SiO2-P2O5-Fe2O3 slag and the T.Fe 
content. The P2O5 distribution ratio increased with the increase of the T.Fe content in slag, and 
in a low T.Fe content, the addition of Al2O3 increased P2O5 distribution ratio comparing with 
the effect of adding MgO or MnO measured by Shimauchi et al. as shown in Figure 1.24 B. In 
the case of adding MgO or MnO, the P2O5 distribution ratio decreased with the increase of CaO 
content in slag, but with the addition of Al2O3, the P2O5 distribution ratio barely changed. 
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Figures 1.24 C and D showed the influence of different slags on the P2O5 distribution ratio. The 
P2O5 distribution ratio in the CaO-SiO2-P2O5-Fe2O3 slag was larger than that in the CaO-SiO2-
P2O5-FeO slag at different T.Fe contents in liquid phase as shown in Figure 1.24 C, and this 
tendency was more clear at different CaO contents in liquid phase as shown in Figure 1.24 D. 
Figure 1.24 E shows the effect of various added oxides on the P2O5 distribution ratio in the 
CaO-SiO2-P2O5-FeO slag. It was found that the effect of adding MgO, MnO or Al2O3 on the 
P2O5 distribution ratio in the CaO-SiO2-P2O5-FeO slag was smaller than that in the CaO-SiO2-
P2O5-Fe2O3 slag. 
 
 
Fig.1.24 Influence of various additions on the P2O5 distribution ratio between solid solution 
and liquid slag at different T.Fe contents or CaO contents in liquid phase.[26] In A and B, the 
CaO-SiO2-P2O5-Fe2O3 system was adopted and the values of LP with adding MgO and MnO 
were measured by Shimauchi et al.[22] In C and D both the CaO-SiO2-P2O5-Fe2O3 system and 
the CaO-SiO2-P2O5-FeO system were adopted. In E the CaO-SiO2-P2O5-FeO system was 
adopted. 
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1.3.4 Activity and activity coefficient of P2O5 in the 2CaO·SiO2-3CaO·P2O5 solid solution 
According to the activity of P2O5 in slag estimated by applying the regular solution model 
reported by Ban-ya et al.,[27] the activity coefficient of P2O5 with the P2O5 content in the 
2CaO·SiO2-3CaO·P2O5 solid solution was shown in Figure 1.25. The compositions of slag 
were shown in Figure 1.23 A.[22] 
 
Fig. 1.25 Relationship between the activity coefficient of P2O5 and the content of P2O5 in the 
2CaO·SiO2-3CaO·P2O5 solid solution.
[22] 
 
Figure 1.26 shows the activity coefficient of P2O5 in the 2CaO·SiO2-3CaO·P2O5 solid 
solution with different additions in the CaO-SiO2-P2O5-Fe2O3 system or the CaO-SiO2-P2O5-
FeO system.[26] The activity coefficient with the addition of MgO or MnO was larger than that 
without addition, and the addition of Al2O3 decreased the activity coefficient of P2O5 both in 
the CaO-SiO2-P2O5-Fe2O3 system and the CaO-SiO2-P2O5-FeO system. 
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Fig. 1.26 Activity coefficient of P2O5 in the 2CaO·SiO2-3CaO·P2O5 solid solution. 
A: the 2CaO·SiO2-3CaO·P2O5 solid solution was equilibrated with CaO-SiO2-P2O5-Fe2O3 
system. B: the 2CaO·SiO2-3CaO·P2O5 solid solution was equilibrated with CaO-SiO2-P2O5-
FeO system.[26] 
 
Hasegawa et al.[28] estimated the activity of P2O5, CaO, SiO2, 2CaO·SiO2 and 3CaO·P2O5 in 
the 2CaO·SiO2-3CaO·P2O5 solid solution by applying the regular solution model and the phase 
relationship. The equilibrium between molten Cu and 2CaO·SiO2-3CaO·P2O5 solid solution 
was investigated. The regular solution model is expressed by Eqs. (1.6), (1.7) and (1.8), where 
R is the gas constant, ∆𝐺t
°(Ca2SiO4) and ∆𝐺t
°(Ca3P2O8) are the Gibbs free energy changes of 
the phase transformations and Ω is the interaction parameter. Figure 1.27 shows the activity of 
2CaO·SiO2 and 3CaO·P2O5 estimated by applying the ideal solution model by dot line and the 
regular solution model by solid line. Figure 1.28 shows the activity of CaO by solid line, the 
activity of SiO2 by dashed line and the activity of P2O5 by dashed dot line in the 2CaO·SiO2-
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3CaO·P2O5 solid solution. 
R𝑇ln𝑎Ca2SiO4 = ∆𝐺t
°(Ca2SiO4) + R𝑇ln(1 − Y) + ΩY
2……(1.6) 
R𝑇ln𝑎Ca3P2O8 = 2R𝑇ln𝑎(1 2⁄ )Ca3P2O8 = ∆𝐺t
°(Ca3P2O8) + 2R𝑇lnY + 2Ω(1 − Y)
2……(1.7) 
Y ≡ n(1 2⁄ )Ca3P2O8 (nCa2SiO4 + n(1 2⁄ )Ca3P2O8)⁄
= 2nCa3P2O8 (nCa2SiO4 + 2nCa3P2O8)⁄ …… (1.8) 
 
 
Fig. 1.27 A: Phase diagram of the Ca2SiO4-Ca3P2O8 pseudo-binary system. B: Activities of 
Ca2SiO4 and Ca3P2O8 as functions of the substitution ratio Y.
[28] 
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Fig. 1.28 A: Iso-thermal section of the ternary system CaO-SiO2-P2O5 near the CaO apex at 
1573 K. B: Activity of CaO at 1573 K. C: Activities of SiO2 and P2O5 at 1573 K.
[28] 
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1.3.5 Phase relationship of CaO-SiO2-FeO-5mass%P2O5(-5mass%Al2O3) system 
Gao et al. studied the phase relationship of CaO-SiO2-FeO-5mass%P2O5(-5mass%Al2O3) 
system at various temperatures and oxygen partial pressures.[29-31] 
The phase relationship of CaO-SiO2-FeO-5mass%P2O5 system with the oxygen partial 
pressure of 9.24×10-11 atm at 1673 K was shown in Figures 1.29 and 1.30. Figure 1.29 A shows 
the initial compositions. At first the mixture was completely melted at 1923 K and then cooling 
down slowly to achieve the equilibrium between solid phase and liquid phase. After keeping 
the sample for a long enough time, the sample was quenched and the morphology was analyzed 
by SEM and EDS. The observed solid phase was projected onto the CaO-SiO2-P2O5 system as 
shown in Figure 1.29 B. All compositions were located close to the tie line between 2CaO·SiO2 
and 3CaO·P2O5. Figures 1.29 C and D show the projections of observed phases onto the CaO-
SiO2-FeO system. The solid solution containing with FeO was located around the area between 
2CaO·SiO2 and 3CaO·SiO2. Comparing with the liquidus at 1673 K equilibrated with the 
metallic iron as solid curve shown in Figure 1.29 C, the liquidus conducted by Gao et al. moved 
toward to the corner of FeO. Figure 1.29 D shows the equilibrium phase sections according to 
the projections of the various observed phases and Figure 1.30 shows the phase relationship of 
CaO-SiO2-FeO-5mass%P2O5 system with the oxygen partial pressure of 9.24×10
-11 atm at 1673 
K. 
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Fig. 1.29 A: Initial compositions of slag (mass%) in CaO-SiO2-FeO system. B: Projections of 
compositions onto the CaO-SiO2-P2O5 system (mass%). C: Projections of compositions onto 
the CaO-SiO2-FeO system comparing with the liquidus equilibrated with metallic iron at 1673 
K (mass%).[32] D: Projections of compositions onto the CaO-SiO2-FeO system with the phase 
sections (mass%).[29] 
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Fig. 1.30 Phase relationship of CaO-SiO2-FeO-5mass%P2O5 system with the oxygen partial 
pressure of 9.24×10-11 atm at 1673 K (mass%).[29] 
 
Gao et al. also investigated the phase relationship of CaO-SiO2-FeO-5mass%P2O5 system 
with oxygen partial pressure of 1.08×10-10 atm at 1623 and 1673 K.[30] Figure 1.31 shows the 
liquidus and the phase sections of CaO-SiO2-FeO-P2O5 system at 1623 and 1673 K with the 
oxygen partial pressures of 1.08×10-10 and 9.24×10-9 atm. Since the compositions of 
2CaO∙SiO2-3CaO∙P2O5 solid solution changed with the composition of slag, the projections of 
the compositions of solid solution were focused around an area rather than a point. Because the 
3CaO∙SiO2 was not detected, only one three-phase equilibrium region was found as CaO-
(2CaO∙SiO2-3CaO∙P2O5)-slag. Comparing with the liquidus with the oxygen partial pressure of 
9.24×10-9 atm at 1673 K, the liquidus with the oxygen partial pressure of 1.08×10-10 atm at 
1623 K shrunk to the corner of FeO. Figure 1.32 shows the projection of phase relationship 
onto the three-dimensional space. The solid solution was closed to the CaO-SiO2-P2O5 plane 
and the liquid phase equilibrated with the solid solution was closed to the CaO-SiO2-FeO plane. 
Besides, the liquid phase equilibrated with the solid CaO was closed to the CaO-P2O5-FeO 
plane. 
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Fig. 1.31 Liquidus and phase sections of CaO-SiO2-FeO-P2O5 system (mass%).
[30] 
 
 
Fig. 1.32 Phase relationship of CaO-SiO2-FeO-P2O5 system (mass%) in the tetrahedra.
[30] 
 
Furthermore, the phase relationship of CaO-SiO2-FeO-5mass%P2O5-5mass%Al2O3 system 
with the oxygen partial pressure of 9.24×10-11 atm at 1673 K was also studied by Gao et al.[31] 
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Ignoring the variation in Al2O3 content, the liquidus of CaO-SiO2-FeO-P2O5-10mass%Al2O3 
was summarized as shown in Figure 1.33. The liquid phase area enlarged comparing with that 
of the CaO-SiO2-FeOx system equilibrated with metallic iron.
[33] Comparing with the liquid 
phase area of CaO-SiO2-FeO-Fe2O3-5mass%Al2O3 system with the oxygen partial pressure of 
10-8 atm at 1573 K,[34] the current liquid phase area also enlarged. Comparing with the CaO-
SiO2-FeOx system equilibrated with metallic iron, the current CaO primary region shrunk a lot. 
Figure 1.34 shows the effect of Al2O3 on the liquidus of CaO-SiO2-FeO-5mass%P2O5 system. 
The liquid phase area of CaO-SiO2-FeO-5mass%P2O5-10mass%Al2O3 system enlarged 
significantly at larger FeO content region comparing with the CaO-SiO2-FeO-5mass%P2O5 
system with the oxygen partial pressure of 9.24×10-11 atm at 1673 K. 
 
 
Fig. 1.33 Phase sections for CaO-SiO2-FeO-5mass%P2O5-5mass%Al2O3 system with the 
oxygen partial pressure of 9.24×10-11 atm at 1673 K on the CaO-SiO2-FeO ternary section.
[31] 
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Fig. 1.34 Effect of Al2O3 addition on the liquidus with the oxygen partial pressure of 
9.24×10-11 atm at 1673 K.[31] 
 
  
35 
 
1.3.6 Formation free energies of solid solution between di-calcium silicate and tri-calcium 
phosphate 
Takeshita et al.[35] studied the formation free energies of solid solution between di-calcium 
silicate and tri-calcium phosphate by applying the chemical equilibration method. Figure 1.35 
shows the phase diagram of pseudo-ternary CaO-SiO2-P2O5 system and the pseudo-binary 
2CaO·SiO2-3CaO·P2O5 system. In Figure 1.35 A, there were several three-phase assemblages, 
and the three-phase assemblage with the lowest activity of P2O5 in the solid solution was 
3CaO·SiO2+2CaO·SiO2+2CaO·SiO2-3CaO·P2O5 in which the activity of P2O5 was fixed as 
expressed by Eq. (1.9). 
3〈Ca3SiO3〉 +
4y − 3
1 − y
〈Ca2SiO4〉 + {P2O5} =
1
1 − y
〈Ca(3−y)SiyP(2−2y)O(8−4y)〉…… (1.9) 
y is the mole fraction of 2CaO·SiO2 corresponding to the composition of point 3 in Figure 
1.35. The molten copper was equilibrated with the mixture of 
3CaO·SiO2+2CaO·SiO2+2CaO·SiO2-3CaO·P2O5 in the mixture of Ar, H2 and H2O gases and 
the reaction was expressed as Eq. (1.10) where [mass%P]Cu denotes phosphorus in liquid 
copper. 
3Ca3SiO3(s) +
4y − 3
1 − y
Ca3SiO3(s) + 2[mass%P]Cu + 5H2O(g)
=
1
1 − y
Ca(3−y)SiyP(2−2y)O(8−4y)(s) + 5H2(g)……(1.10) 
The equilibrium constant was expressed as Eq. (1.11) assuming Henry’s low. 
log𝐾1.10 = 5log(𝑃H2 𝑃H2O⁄ ) − 2log[mass%P]Cu……(1.11) 
From Eq. (1.11) the slope of log(𝑃H2 𝑃H2O⁄ ) and log[mass%P]Cu should be 2/5 which was 
confirmed by Figure 1.36 A. From the results shown in Figure 1.36 B, the Eqs. (1.12) and 
(1.13) were obtained by least squares method. 
log𝐾1.10 = −22.23 +
60600
(𝑇 K⁄ )
± 0.3……(1.12) 
∆𝐺1.10
° = −1160000 + 425.7𝑇 ± 9000 J mol⁄ …… (1.13) 
The Gibbs free energy for the following reactions are available in the literatures. 
(1 2⁄ )P2(g) = [mass%P]Cu 
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∆𝐺1.14
° = −125000 + 0.54𝑇 ± 5500 J mol⁄ …… (1.14)[36] 
P2(g) + 5 2⁄ O2(g) = P2O5(l) 
∆𝐺1.15
° = −1534500 + 506.3𝑇 J mol⁄ ……(1.15)[37] 
H2(g) + 1 2⁄ O2(g) = H2O(g) 
∆𝐺1.16
° = −246000 + 54.8𝑇 J mol⁄ …… (1.16)[38] 
By referring the Eqs. (1.13), (1.14), (1.15) and (1.16), the Gibbs free energy for the reaction 
(1.9) is expressed as Eq. (1.17). 
∆𝐺1.9
° = R𝑇ln𝑎P2O5 = −1106000 + 194.7𝑇 ± 20000 J mol⁄ …… (1.17) 
Where the activity of P2O5 is relative to hypothetical pure liquid P2O5 from 1528 K to 1598 K. 
 
 
Fig. 1.35 A: Iso-thermal section of the ternary CaO-SiO2-P2O5 system at 1573 K. B: Phase 
diagram of the pseudo-binary 2CaO·SiO2-3CaO·P2O5 system.
[35] 
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Fig. 1.36 A: Relationship between the logarithm of P concentration in Cu and the ratio 
between H2 and H2O at 1573 K. B: Relationship between the logarithm of K1.10 and the 
reciprocal of T.[35] 
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1.4 Research objective and significance 
雑誌に投稿する予定のため第 1章の 1.4節と 1.5節は公表できません。 
The research objective and significance and outline of the thesis are described. 
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Chapter 2 Experimental Method 
2.1 Introduction 
The current research focuses on the thermodynamic properties about the calcium phosphate-
based solid solution. The chemical equilibration method was applied which was commonly 
adopted for obtaining the thermodynamic data like the equilibrium constant, the Gibbs free 
energy, the activity, the interaction coefficient and so on. This method has been applied for 
decades in the field of physical chemistry as a very mature method. 
In the field of metallurgy, the chemical equilibration method has been applied on the study 
of the equilibrium at the interface between slag and molten metal,[1,2] the phase equilibrium,[3] 
the equilibrium between molten metal and solid solution.[4] In current experiments, the 
electrolytic iron was equilibrium with the tablet of the calcium phosphate-based solid solution, 
then the sample was quenched and finally the concentration of P in Fe and the compositions of 
tablet were analyzed by chemical analysis. 
2.2 Experimental 
雑誌に投稿する予定のため第 2章の 2.2節と 2.3節は公表できません。 
The experimental methods are described.
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2.4 Methods of chemical analysis 
For each sample, the concentration of P in Fe after reaction was analyzed and in order to get 
the accurate composition of tablet after experiment, all the possible compositions in tablet were 
analyzed.  
2.4.1 Concentration of P in Fe and content of P2O5 in tablet 
Depending the concentration of P in Fe two different methods were applied. When the 
concentration of P in Fe was greater than 0.005 mass%, the phosphomolybdate blue 
spectrophotometric method was adopted and when the concentration of P in Fe was smaller 
than 0.005 mass%, the molybdenum-blue spectrophotometric solvent extraction was adopted. 
For the analysis of P2O5 in tablet, the phosphomolybdate blue spectrophotometric method was 
applied. 
For these two methods, the necessary chemical reagents were as following: concentrated HCl, 
concentrated HNO3, concentrated HClO4, NaHSO3 (100 g/L), (NH4)6Mo7O24·4H2O (20 g/L in 
35 vol% H2SO4), N2H4·H2SO4 (1.5 g/L), KH2PO4·2H2O, SnCl2·2H2O (30 g/L in 10 vol% HCl) 
and CH3COCH2CH(CH3)2. 
The calibration line of P with different concentrations was prepared with the following 
procedure. 
0.8787 g KH2PO4 which had been heated at 383 K to remove the crystal water previously 
was dissolved into a 1L of water and the concentration of P was 0.2 g/L. Then this solution was 
diluted to 0.004 g/L and 0.01 g/L for standard solution, respectively. 
To eliminate the influence of Fe background two calibration lines were prepared. For 
measuring the concentration of P in Fe, 0 mL, 1 mL, 2 mL, 4 mL, 6 mL, 8 mL, 10 mL, 15 mL, 
20 mL and 25 mL standard solutions (0.004 g/L) and 1 g pure Fe powder were used to prepare 
the standard solutions. For measuring the P2O5 content in tablet, 0 mL, 2 mL, 4 mL, 6 mL, 8 
mL and 10 mL standard solutions (0.01 g/L) were used. 
After samples were dissolved in the mixture of 20 mL HCl and 10 mL HNO3, about 15 mL 
HClO4 was added to oxidize phosphorus in the solution. 
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After evaporating HClO4, the solution was filtrated with filter paper (retain particle size: 7 
μm) to separate the solid SiO2 precipitated in the solution. 
10 mL NaHSO3 solution was added to the solution and heated to eliminate the effect of Fe in 
solution on the P analysis. 
Then (NH4)6Mo7O24 solution and N2H4·H2SO4 solution were added to the solution and 
heated for 20 minutes. The solution was diluted to 100 mL and cooling down to room 
temperature. 
The absorbance of each sample was measure by the spectrophotometer (U-2001 HITACHI), 
with the 10 mm, 20 mm and 40 mm cell respectively at 825 nm wavelength. Table 2.4 shows 
the absorbance and Figures 2.10 and 2.11 show the calibration lines of P. After using a period 
of time, the calibration line should be demarcated again. 
 
Table 2.4 Absorbance of standard solutions with the phosphomolybdate blue 
spectrophotometric method. 
CP/ppm 
With Fe 
ABS CP/ppm 
Without Fe 
ABS 
10 mm 20 mm 40 mm 10 mm 20 mm 40 mm 
0.00 0.009 0.018 0.031 0.00 0.003 0.007 0.004 
0.04 0.029 0.060 0.107 0.20 0.089 0.183 0.352 
0.08 0.043 0.090 0.167 0.40 0.176 0.354 0.688 
0.16 0.079 0.162 0.308 0.60 0.238 0.475 0.923 
0.24 0.113 0.226 0.444 0.80 0.349 0.698 1.271 
0.32 0.148 0.298 0.580 1.00 0.433 0.855 1.401 
0.40 0.183 0.369 0.718 - - - - 
0.60 0.267 0.538 1.032 - - - - 
0.80 0.354 0.707 1.281 - - - - 
1.00 0.439 0.866 1.401 - - - - 
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Fig. 2.10 Calibration line of P with Fe background with the phosphomolybdate blue 
spectrophotometric method. 
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Fig. 2.11 Calibration line of P without Fe background with the phosphomolybdate blue 
spectrophotometric method. 
 
The liner relationship between the absorbance and the concentration of P was obtained in the 
range of current concentration. The analysis method for steel and tablet were similar with the 
method of preparing standard solution. For analyzing the concentration of P in Fe, about 1 g 
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sample was added and the 20 mm cell was adopted. For analyzing the content of P2O5 in tablet, 
about 0.1g tablet powder was added and also the 20 mm cell was adopted. In the case of P2O5 
analysis in tablet, the solid SiO2 could be separated from solution and the solid SiO2 gathered 
by filter paper (retain particle size: 4 μm) was supplied for analyzing the SiO2 content in tablet. 
 
Table 2.5 Absorbance of standard solutions with the molybdenum-blue spectrophotometric 
solvent extraction method. 
CP/ppm 
With Fe 
ABS 
10 mm 
0.00 0.009 
0.08 0.029 
0.16 0.043 
0.32 0.079 
0.48 0.113 
0.64 0.148 
0.80 0.183 
1.20 0.267 
1.60 0.354 
2.00 0.439 
 
When the concentration of P in Fe is less than 0.005 mass%, the molybdenum-blue 
spectrophotometric solvent extraction method was adopted. Sample solution, 8 mL HClO4 and 
water were put in a separating funnel. After shaking well adding 10 mL (NH4)6Mo7O24 solution 
and shaking well again. And then 10 mL CH3COCH2CH(CH3)2 solution was added and the 
solution was shaken 1 minute. Then the aqueous phase was removed and 10 mL HClO4 (25 
vol%) was added, after shaking and standing the aqueous phase was removed. Then adding 10 
mL SnCl2 solution and shaking for 30 seconds, the absorbance of aqueous phase was measured 
by spectrophotometer with 10 mm cell at 700 nm wavelength. Table 2.5 shows the absorbance 
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and Figure 2.12 shows the calibration line of P for the molybdenum-blue spectrophotometric 
solvent extraction method. 
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Fig. 2.12 Calibration line of P with the molybdenum-blue spectrophotometric solvent 
extraction method. 
 
2.4.2 Content of SiO2 in tablet 
The chemical reagents for SiO2 analysis were as follows: H2SO4 (50 vol%), concentrated HF 
and K2S2O3. Filtrated SiO2 during the P2O5 analysis in tablet was adopted for SiO2 analysis. 
The filter paper with tiny SiO2 particles was put into Pt crucible and heated till all the filter 
paper burned out. The Pt crucible including SiO2 particles was weighted. Then 2 mL H2SO4 (50 
vol%) and 2 mL HF were added into the Pt crucible and the crucible was heated to evaporate 
SiO2. After cooling down to room temperature, the Pt crucible was weighted. The SiO2 content 
can be obtained from the difference of weight. 
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2.4.3 Contents of CaO, MgO and FeO in tablet 
For the analysis of CaO, MgO and FeO contents in tablet, the inductively coupled plasma 
optical emission spectrometry (ICP-OES, SPS 7800, Seiko Instruments Inc.) was adopted. For 
making calibration lines of Ca, Mg and Fe, the 0 g/L, 0.002 g/L, 0.004 g/L, 0.006 g/L and 0.008 
g/L standard solutions were prepared and the examples of calibration lines were shown in 
Figures 2.13, 2.14 and 2.15. About 0.1 g powder of tablet was dissolved in HCl and the solution 
was diluted and supplied for the ICP-OES analysis. According to the analyzed results, there 
was little Fe2O3 in tablet after reaction, and the iron oxide was considered as FeO in the 
following chapters. 
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Fig. 2.13 Calibration line of Ca. 
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Fig. 2.14 Calibration line of Mg. 
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Fig. 2.15 Calibration line of Fe. 
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2.5 Summary 
In this chapter, the experimental principle, method and parameter were introduced. The 
process of making tablet of the calcium phosphate-based solid solution was explained in detail. 
The chemical analysis methods for different components were represented, respectively. 
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Chapter 3 Thermodynamic Properties of the 2CaO∙SiO2-
3CaO∙P2O5 Solid Solution at 1823 and 1873K 
雑誌に投稿する予定のため第 3章は公表できません。 
Thermodynamic properties of the 2CaO∙SiO2-3CaO∙P2O5 solid solution at 1823 and 1873 K 
were investigated.
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Chapter 4 Thermodynamic Properties of the 2CaO∙SiO2-
3CaO∙P2O5 Solid Solution Containing 8 and 24 mass% 
CaO at 1823 and 1873 K 
雑誌に投稿する予定のため第 4章は公表できません。 
Thermodynamic properties of the 2CaO∙SiO2-3CaO∙P2O5 solid solution containing 8 and 24 
mass% CaO at 1823 and 1873 K were investigated.
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Chapter 5 Thermodynamic Properties of the 2CaO∙SiO2-
3CaO∙P2O5 Solid Solution Containing 8 and 24 mass% 
MgO at 1823 and 1873 K 
雑誌に投稿する予定のため第 5章は公表できません。 
Thermodynamic properties of the 2CaO∙SiO2-3CaO∙P2O5 solid solution containing 8 and 24 
mass% MgO at 1823 and 1873 K were investigated.
191 
 
References 
1. W. Gutt: Nature, 197 (1963), 142-143. 
2. E.T. Turkdogan: Physical Chemistry of High Temperature Technology, Academic Press, 
New York, (1980), 14. 
3. E. T. Turkdogan: ISIJ Int., 40 (2000), 964-970. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
192 
 
Chapter 6 Summary of the Thermodynamic Properties of 
the Calcium Phosphate-based Solid Solution and Prospect 
of Utilizing the Multi-phase Flux 
6.1 Introduction 
In this chapter the thermodynamic properties about the calcium phosphate-based solid 
solution measured in the Chapters 3, 4 and 5 were summarized. Moreover the prospect of 
application of multi-phase flux on the dephosphorization process was primitively introduced. 
6.2 Content of FeO and activity coefficient of FeO in the tablet after 
reaction under various conditions 
雑誌に投稿する予定のため第 6章の 6.2節から 6.6節までは公表できません。 
The summary of the thermodynamic properties of the calcium phosphate-based solid solution 
and prospect of utilizing the multi-phase flux are described.
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Chapter 7 Conclusions 
雑誌に投稿する予定のため第 7章は公表できません。 
The conclusions are described. 
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